Introduction
Periodontitis, one of the most common chronic inflammatory diseases in humans, is caused by anaerobic Gram-negative periodontopathic bacteria, such as Porphyromonas, Prevotella, and Fusobacterium, in subgingival plaque. Short-chain carboxylic fatty acids (SCFAs) such as acetic acid, propionic acid, and butyric acid (sodium butyrate, BA) are a major by-product of the metabolism of anaerobic Gram-negative periodontopathic bacteria and are detected in gingival crevicular fluid from human periodontal pockets (1) . The amount of SCFAs in the crevicular fluid has been correlated with the extent of periodontal breakdown in chronic adult periodontitis, and a possible role for SCFAs in the pathogenesis of periodontal disease has been hypothesized (1, 2) . Periodontopathic bacteria produce a high amount of BA, which is reported to inhibit gingival fibroblast proliferation (3) (4) (5) , the stimulation of T-cell apoptosis (6) (7) (8) (9) (10) (11) , and osteoblast maturation (12, 13) .
Osteoblasts perform a central role in bone formation via high alkaline phosphatase (ALPase) activity and the production of extracellular matrix proteins such as type I collagen, bone sialoprotein (BSP), and osteocalcin. Osteoblastic differentiation is controlled by multiple transcription factors at various stages of osteoblast development (14) . Two transcription factors, Runx2 and Osterix, are essential for osteoblastic differentiation during both intramembranous and endochondral bone formation (15) (16) (17) . Alterations in the function of various non-bone-specific transcription factors such as Msx2 and Dlx5 have also been demonstrated to affect osteoblastic differentiation (18) (19) (20) (21) . However, the novel zinc finger transcription factor AJ18 has been reported to regulate osteoblastic differentiation (22) , but the effect of BA on osteoblastic differentiation through osteogenesis-related transcription factors was not examined. Therefore, in the present study, the effect of BA on osteoblastic differentiation through osteogenesis-related transcription factors, such as Runx2, Osterix, Msx2, Dlx5, and AJ18, was examined using ROS17/2.8 cells as osteoblasts. Additionally, the effect of BA on mineralized nodule formation through ALPase activity and the expression of extracellular matrix proteins such as BSP and osteocalcin was also examined using ROS17/2.8 cells.
Materials and Methods

Cell culture
The rat clonal cell line ROS17/2.8 (23) was employed as osteoblasts. The cells were maintained in α-minimal essential medium (α-MEM; Gibco-BRL, Rockville, MD, USA) containing 10% (v/v) heat-inactivated fetal bovine serum (FBS; HyClone Laboratories, Logan, UT, USA) and 1% (v/v) penicillin-streptomycin solution (Sigma Chemical, St. Louis, MO, USA) at 37°C in a humidified atmosphere of 95% air and 5% CO 2 . For experimental treatments, the cells were seeded into 6-well tissue culture plates at a density of 2 × 10 4 cells/cm 2 and left overnight to settle. The cells were then cultured in α-MEM with 0, 10 -5 , 10 -4 , or 10 -3 M BA (Wako Pure Chemicals, Osaka, Japan) for up to 7 days. The concentrations of BA were chosen based on previous studies (1, 9, 13, 24) .
Real-time PCR
Total RNA was isolated from cultured cells at the indicated time-points using the RNeasy Mini Kit (Qiagen, Valencia, CA, USA). The mRNA was converted into complementary DNA (cDNA) using an RNA PCR kit (PrimScript; Takara Shuzo, Osaka, Japan). The resulting cDNA mixture was diluted 1:5 in sterile, distilled water, and 2 µl of the diluted cDNA was subjected to real-time PCR analysis using the SYBR Green I dye. The reactions were performed in 25 µl of a SYBR ® premixed Ex Taq™ solution (Takara Shuzo) containing 20 µM sense and antisense primers ( Table 1 ). The primers were designed using Primer3 software (Whitehead Institute for Biomedical Research, Cambridge, MA, USA). The PCR assays were performed on a Smart Cycler (Cepheid, Sunnyvale, CA, USA) and analyzed using the instrument's software. The PCR protocol for Runx2, Osterix, Msx2, Dlx5, AJ18, BSP, and osteocalcin consisted of 35 cycles at 95°C for 5 s and 60°C for 20 s. All real-time PCR experiments were performed in triplicate, and the specificity of the PCR products was verified through melting curve analysis. Calculated gene expression levels were normalized to the levels of glyceraldehyde 3-phosphate dehydrogenase (GAPDH) mRNA at the same time.
Mineralized nodule formation
The cells were seeded into 24-well tissue culture plates at a density of 2 × 10 4 cells/cm 2 and cultured in α-MEM with 50 mM β-glycerophosphate and 50 µg/ml ascorbic acid in the presence or absence of 10 , or 10 -3 M BA for 7 days. The culture medium was changed every second or third day. The condition of the cells and nodule formation were checked routinely by phase-contrast microscopy (Nikon, Tokyo, Japan). Mineralized nodules were detected by staining with alizarin red (Wako Pure Chemicals), as described previously (13, 25) .
ALPase activity
The cells were seeded into 96-well microplates at a 
SDS-PAGE and Western blotting
The cells were placed in 6-well tissue culture plates at a density of 2 × 10 4 cells/cm 2 and cultured in α-MEM containing 10% FBS with or without 10 -3 M BA for 3 days. The culture medium was changed to serum-free α-MEM, and the cells were then cultured for 24 h at 37°C in a humidified atmosphere of 95% air and 5% CO 2 . The culture medium containing extracellular matrix proteins was collected and then dialyzed using a PD-10 column (Amersham Biosciences, Piscataway, NJ, USA). The culture medium was subjected to 4-20% gradient SDS-PAGE (8.3 cm × 6.5 cm × 0.75 mm) with a discontinuous Tris-glycine buffer system (26) . Samples containing 20 µg of extracellular matrix proteins were dissolved in 10 µl of sample buffer containing 1% SDS, 2 M urea, 15 mg/ml dithiothreitol, and bromophenol blue, and then heated at 95°C for 5 min before loading. Gels were run at 150 V for 60 min.
Gel-separated proteins were transferred to a membrane using a semidry electrotransfer unit with a continuous buffer system consisting of 39 mM glycine, 48 mM Tris, 0.0375% SDS, and 20% (v/v) methanol at 0.8 mA/cm 2 (constant amperage) for 60-90 min. On completion of the transfer, the membrane was treated with 25% (v/v) blocking reagent in Tris-buffered saline (TBS: 10 mM Tris, 145 mM NaCl, pH 7.4) at 4°C for 18 h. The membrane was washed in TBS containing Tween 20 (TBS-Tween) and then incubated at room temperature for 90 min with polyclonal IgG antibodies; i.e., rabbit anti-BSP (Millipore, Billerica, MA, USA), goat anti-osteocalcin (Santa Cruz Biotechnology, Santa Cruz, CA, USA), or mouse anti-β-tubulin (Santa Cruz Biotechnology), each diluted 1:500 in 10% (v/v) blocking reagent. The membranes were washed in TBS-Tween and incubated at room temperature for 60 min with the appropriate biotin-conjugated secondary antibodies (1:10,000 in 10% blocking agent): goat anti-rabbit IgG (American Qualex, San Clemente, CA, USA), donkey anti-goat IgG (Chemicon International, Temecula, CA, USA), or goat anti-mouse IgG (Zymed, San Francisco, CA, USA). The membranes were then washed in TBS-Tween and phosphate-buffered saline (PBS; Nissui Pharmaceutical, Tokyo, Japan) and incubated for 30 min at room temperature with horseradish peroxidase-conjugated streptavidin diluted with PBS. Immunoreactive proteins were visualized using a commercial chemiluminescence kit (Amersham Life Sciences, Little Chalfont, Buckinghamshire, UK) and exposed to X-ray film (Eastman Kodak, New Haven, CT, USA). As a control, the membranes were incubated in diluted normal rabbit, goat, or mouse serum, respectively; the dilution factor was the same as that used for the primary antibodies. Pre-stained molecular weight standards run on the same gel were used to estimate protein size.
Statistical analysis
Each value represents the mean ± standard deviation (SD). Significant differences were determined using Bonferroni's modification of Student's t-test or an analysis of variance. Differences at P < 0.05 were considered statistically significant. M BA for up to 7 days, and the gene expression levels of Runx2, Osterix, Dlx5, Msx2, and AJ18 on days 3, 5, and 7 of culture were determined using real-time PCR to estimate the mRNA levels (Fig. 1) . The gene expression levels of Runx2, Osterix, Dlx5, and Msx2 decreased significantly (0.6-0.8-fold) in the presence of 10 -3 M BA compared to the control on day 3 of culture; the levels of Runx2, Osterix, Dlx5, and Msx2 were not affected by the presence of BA on day 5 (Fig.  1A-D) and the levels for Osterix and Msx2 decreased slightly in the presence of 10 -4 M BA on day 7 ( Fig. 1B  and D) . However, the gene expression level of AJ18 increased significantly (1.7-fold) in the presence of 10 M BA compared to the control on days 3 and 5 of culture; the level was not affected by the presence of BA on day 7 (Fig. 1E) . M BA for up to 7 days. Mineralized nodule formation was examined by alizarin red staining on days 5 and 7 of culture (Fig. 2) . The intensity of alizarin red staining for mineralized nodules on day 7 of culture was not affected by the presence of 10 -5 BA compared to the control, whereas it decreased slightly in the presence of 10 -4 M BA and was not detected in the presence of 10 -3 M BA. In contrast, mineralized nodules were detected slightly on day 5 of culture in the absence of BA but were not detected in the presence of BA. M BA for up to 7 days, and the gene expression levels of Fig. 1 Effects of butyric acid (BA) on transcription factor gene expression levels. ROS17/2.8 cells were cultured with 0 (control), 10 -5 , 10 -4 , or 10 -3 M BA for up to 7 days, and the gene expression levels of Runx2 (A), Osterix (B), Dlx5 (C), Msx2 (D), and AJ18 (E) on days 3, 5, and 7 of culture were determined using real-time PCR. Each bar indicates the mean ± SD of three separate experiments. *P < 0.05, **P < 0.01, BA treatment vs. control.
Results
Gene
BSP and osteocalcin on days 3, 5, and 7 of culture were determined using real-time PCR to estimate the mRNA levels ( Fig. 4A and B) . The effects of 10 -3 M BA on the protein expression levels of BSP and osteocalcin on day 3 of culture were examined by Western blotting (Fig. 4C and D).
The gene expression levels of BSP and osteocalcin decreased markedly (0.4-and 0.2-fold, respectively) in the presence of 10 -3 M BA compared to the control on day 3 of culture: 0.9-and 0.6-fold, respectively, in the ROS17/2.8 cells were cultured with 0 (control), 10 -5 , 10 -4 , or 10 -3 M BA for up to 7 days, and the gene expression levels of BSP (A) and osteocalcin (B) on days 3, 5, and 7 of culture were determined using real-time PCR. The protein expression levels of BSP (C) and osteocalcin (D) on day 3 of culture were examined by Western blotting. Each bar indicates the mean ± SD of three separate experiments. *P < 0.05, **P < 0.01, BA treatment vs. control. , or 10 -3 M BA for up to 7 days. Mineralized nodules were stained with alizarin red on days 5 and 7 of culture. 
Discussion
It has been hypothesized that BA infiltrated the gingival epithelium and influence the differentiation and function of osteoblasts in alveolar bone. To demonstrate this hypothesis, the effect of BA on osteoblastic differentiation through the expression of osteogenesis-related transcription factors was examined using ROS17/2.8 cells as osteoblasts. Additionally, the effect of BA on mineralized nodule formation through ALPase activity and the expression of extracellular matrix proteins were also examined using ROS17/2.8 cells.
In the present study, the expression of Runx2, Osterix, Dlx5, and Msx2 in ROS17/2.8 cells decreased significantly in the presence of 10 -3 M BA compared to the control, whereas AJ18 expression increased significantly. Runx2 is essential for osteoblast differentiation of mesenchymal stem cells. Furthermore, mesenchymal stem cells differentiate into mature osteoblasts, which express high levels of osteocalcin (27) . In the present study, not only Runx2 expression, but also osteocalcin expression in ROS17/2.8 cells, decreased in the presence of 10 -3 M BA. Runx2 is also essential for chondrocyte maturation, which is a prerequisite for endochondral ossification (27) . Osterix, which has a three zinc-finger motif, is a second transcription factor essential for osteoblast differentiation (17) . Two homeobox transcription factors, Dlx5 and Msx2, appear to regulate the development of mineralized tissues, including bone, cartilage, and teeth (27) . Dlx5 expression is correlated with osteoblast differentiation, and maximal Dlx5 expression occurs during the final stages of in vitro osteoblast differentiation, suggesting that Dlx5 may be involved in the maturation of the bone cell phenotype (28) .
The function of Msx2 in osteoblasts is still controversial. Liu et al. (19) suggested that Msx2 inhibits differentiation of osteoblast precursors and immature osteoblasts, resulting in an increase in the source of osteoblastic cells. However, other studies have demonstrated that Msx2 promotes osteoblast differentiation and/or proliferation (29, 30) . From the results in the present study, the function of Msx2 is considered to promote osteoblastic differentiation. AJ18 may downregulate osteoblast differentiation by binding to osteoblast-specific element 2 and modulate transactivation by Runx2 (22) . In light of these findings, the results of the present study suggest that 10 -3 M BA suppressed osteoblastic differentiation by decreasing Runx2, Osterix, Dlx5, and Msx2 expression and by increasing AJ18 expression.
ALPase, which hydrolyzes the ester bond of organic phosphate compounds under alkaline conditions, plays an important role in bone calcification. Not only does the enzyme hydrolyze substances that inhibit calcification, such as pyrophosphate and ATP, it is also indispensable for producing the increased phosphate concentration required for hydroxyapatite crystallization (31) . In contrast, non-collagenous matrix proteins such as BSP and osteocalcin are believed to be important in the organization of the collagen matrix and in regulating the formation and growth of hydroxyapatite crystals (32). Katono et al. (13) reported that 10 -4 M BA stimulates mineralized nodule formation by increasing BSP and osteopontin production in human osteoblasts on day 10 of culture, whereas in the present study, ALPase activity was not affected by presence of 10 -4 M BA on days 3, 5, and 7 of culture. Furthermore, Young et al. (33) reported that 10 -4 M BA stimulates BSP gene transcription in ROS17/2.8 cells at 12 h. Therefore, the effects of BA on mineralized nodule formation, ALPase activity, and the expression of extracellular matrix proteins using ROS17/2.8 cells were examined. In the present study, mineralized nodule formation was suppressed slightly in the presence of 10 -4 M BA, and it was suppressed markedly in the presence of 10 -3 M BA. Differences in cell type and BA concentration might be causes of the discrepancy between the present results and those of Katono et al. (13) . ALPase activity was not affected by the presence of 10 -4 M BA until day 7 of culture in this study, as well as in the study by Katono et al. (13) . However, activity decreased significantly in the presence of 10 -3 M BA on days 3, 5, and 7 of culture; Katono et al. (13) did not show the effect of 10 -3 M BA on ALPase activity. Furthermore, BSP and osteocalcin expression decreased significantly in the presence of 10 -3 M BA on days 3, 5, and/or 7 of culture. BSP expression increased significantly in the presence of 10 -4 M BA on day 7 of culture in this study, as well as in the study by Katono et al. (13) in which they did not show the effects of 10 -3 M BA on BSP expression. The effect of BA on BSP expression in the present study might be different from the report by Yang et al. (33) . However, the concentration and time of stimulation by BA was obviously different in these studies; i.e., 10 -4 M BA and 12 h in Yang et al. (33)  and 10 -3 M BA and 3 or 5 days in this study. It is difficult to compare the results that have been reported in previous publications. However, the findings in this study have important implications for understanding osteoblastic differentiation and mineralized nodule formation. High concentration of BA suppresses mineralized nodule formation by decreasing ALPase activity and the expression of BSP and osteocalcin.
In conclusion, the results suggest that 10 -3 M BA suppressed osteoblastic differentiation by decreasing Runx2, Osterix, Dlx5, and Msx2 expression and by increasing AJ18 expression. Moreover, BA suppressed bone formation by decreasing ALPase activity and the expression of BSP and osteocalcin. Furthermore, the current findings suggest that the elevated concentration of BA, which is a major metabolic by-product of anaerobic Gram-negative periodontopathic bacteria in subgingival plaque, caused a decrease in bone formation during alveolar bone remodeling.
